1. Introduction {#s0005}
===============

Contact and respiratory allergies to low molecular weight (LMW) chemicals are growing among general population in result of an increased exposure to environmental and industrial compounds present in toiletry and household products. Studies focusing in the physiopathology of allergy have pointed out common key molecular events triggered by contact and respiratory allergens that are crucial for the development of the so called adverse outcome pathway [@bib1], [@bib2]. The first assumption is that low molecular weight chemicals (LMW; \< 1000 Da) are too small to be recognized by the immune system and must first react with a protein [@bib3], [@bib4]. Such chemicals behave as haptens and are either naturally protein-reactive or are rapidly metabolized into protein-reactive compounds. Covalent binding of an hapten to a protein is believed to be a relevant mechanism for immune recognition and further development of antigenic LMW-induced chemical allergies [@bib4], [@bib5]. The second assumption is that protein-hapten conjugates induce stress responses and xenoinflammation through release of damage-associated molecular patterns (DAMPs), such as reactive oxygen species (ROS), uric acid, hyaluronic acid fragments and extracellular ATP/ADP. These DAMPs are required for the activation of pattern recognition receptors (PRRs) and intracellular signaling pathways in antigen presenting cells such as dendritic cells (DCs), leading to their maturation. Then, and as third assumption, DCs process the conjugates and subsequently migrate to the draining lymph nodes where they prime naive T lymphocytes. T-cells become activated and expand into allergen-specific effector T-cells that disseminate systemically and elicit a strong inflammatory reaction upon later contact with the same chemical [@bib6]. Respiratory tract sensitization has been associated with the development of a Th2 response (promoting immediate-type allergic hypersensitivity), which is consistent with the secretion of interleukin (IL)-4, IL-5, IL-6, IL-10, IL-13 and, for most chemicals, the production of IgE by B lymphocytes [@bib6], [@bib7], [@bib8]. In contrast, skin sensitization is a cell-mediated, delayed type hypersensitivity reaction, involving a preferential polarization of Th1 and cytotoxic T cells with the secretion of interferon-gamma (IFN-γ), IL-2 and tumor necrosis factor β (TNF-β) [@bib6]. An important clue to be further deciphered consists in the identification of the molecular mechanisms that first trigger these qualitatively distinct immunotoxic responses, although it has been shown that depending on DCs maturation state and cytokine/chemokine profiles, they are able to polarize naive T cells into distinct effector populations [@bib9].

As stated previously, ROS (superoxide, O2^•−^ and hydrogen peroxide, H~2~O~2~) as well as protein oxidation play an important role in allergen-induced sensitization [@bib10], [@bib11]. Indeed, there is growing evidence that redox equilibrium influences DCs ability to trigger T-cell activation and to regulate the polarity of the immune response [@bib12]. Multiple signaling pathways involved in DC maturation are known to be redox-sensitive, including transcription factors such as NF-κB and AP-1, mitogen-activated protein kinases (MAPKs), and several phosphatases and proteins directly involved in oxidative stress detection such as Keap-1 \[Kelch-like ECH-associated protein 1\]/Nrf2, hypoxia inducible factor-1 and thioredoxin [@bib13]. Despite the importance attributed to ROS in allergen-induced sensitization, little is known about their nature and formation kinetics. We hypothesize that different intracellular toxicity pathways evoked by respiratory and contact allergens may trigger divergent immune responses. This rational prompted us to investigate the potential sites of ROS generation triggered by respiratory and skin chemical sensitizers on the human monocytic cell line THP-1, as well as the activation of MAPKs signaling pathways (e.g., ERK, JNK and p38 MAPK) and the modulation of relevant genes such as *HMOX*1, *NQO1, MDR1, IL1B, IL8, IL12B, IL18* and *CD86*. To accomplish this goal, we used 1-fluoro-2,4-dinitrobenzene (DNFB) and trimellitic anhydride chloride (TMAC), two golden standards of contact and respiratory allergies, respectively, that possess an equivalent immunogenic potential. Methyl salicylate (MeSA) was used as a respiratory and contact irritant (negative control) and bacterial lipopolysaccharide (LPS) as a non-allergen immunogenic compound.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

The chemicals [l]{.smallcaps}-Lysine, [l]{.smallcaps}-Cysteine hydrochloride, TMAC, DNFB, MeSA, LPS from *Escherichia coli* (serotype 026:B6), Dibromobimane (34025) and SOD determination Kit (19160) were purchased from Sigma--Aldrich Chemical Co. (St. Louis, MO, USA). The tetramethyl-rhodamine ethyl ester (TMRE) mitochondrial membrane potential assay kit (ab113852) was obtained from Abcam (Cambridge, UK). Amplex Red Xanthine/Xanthine Oxidase Assay Kit (a22182), hoechst 3342 (H3570), 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA; D399) for oxidative stress detection and MitoSOX (M36008) red mitochondrial superoxide indicator were obtained from Molecular Probes (Eugene, OR, USA). Phospho-p44/p42 MAPK (ERK1/ ERK2) (9101 S), phospho-p38 MAPK (9211S), phospho-SAPK/JNK (4668S), total p44/p42 MAPK (ERK1/ ERK2) (9102S), p38 MAPK (9212S) and SAPK/JNK (9252S) were from Cell Signaling Technologies (Danvers, MA, USA). The polyvinylidene difluoride (PVDF) membranes were obtained from Millipore Corp (Bedford, MA, USA). Alkaline phosphatase-conjugated secondary antibodies were purchased from GE Healthcare (Chalfont St. Giles, UK). Protease and phosphatase inhibitor cocktails were from Roche (Mannheim, Germany). TRIzol reagent was purchased from Invitrogen (Barcelona, Spain) and RNA Storage Solution was from Ambion (Foster City, CA, USA). The NZY First-Strand cDNA Synthesis Kit was obtained from NZYTech (Lisbon, Portugal) and custom oligonucleotide primers were from Eurofins MWG Operon (Ebersberg, Germany).

2.2. Cell culture and treatment {#s0020}
-------------------------------

The THP-1 human monocytic cell line (ATCC TIB-202, American Type Culture Collection, Manassas, VA, USA) was cultured and maintained at a cell density between 0.2 × 10^6^ and 1 × 10^6^ cells/mL in RPMI 1640 supplemented with 10% inactivated fetal bovine serum, 25 mM glucose, 10 mM Hepes, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin and 0.05 mM 2-mercaptoethanol. Cells were subcultured every 3 or 4 days and kept in culture for a maximum of 2 months.

2.3. Chemical exposure {#s0025}
----------------------

Since a certain level of cytotoxicity is essential for effective DC maturation [@bib14], the concentrations of chemicals inducing up to 30% decrease in cell viability (EC~30~ value) were determined through the resazurin assay ([Supplementary data, Fig. S1](#s0115){ref-type="sec"}). In all subsequent experiments cells were exposed for the indicated times to the EC~30~ concentration of each chemical, corresponding to 7 μM for DNFB, 400 μM for TMAC and 600 μM for MeSA. In certain experiments, cysteine (Cys) or lysine (Lys) were pre-incubated *in chemico* with sensitizers. More specifically, we mixed Cys/Lys with sensitizers on microcentrifuge tubes (*in chemico* reaction) and allowed them to react for 1 h at 37 °C. After that, we stimulated THP-1 cells with the mixture (Cys/Lys + sensitizer) for the indicated times. The final concentration for Cys/Lys was 10 mM and for DNFB and TMAC, 7 μM and 400 μM respectively. Cells were also exposed to LPS (1 μg/mL) as a control for a non-allergen DC maturation inducer.

2.4. Oxidative stress evaluation {#s0030}
--------------------------------

Chemical-induced ROS formation was assayed with ROS indicator 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA). Briefly, 0.5 × 10^6^ cells/mL were plated in a 12-well plate, exposed to chemicals during indicated times, washed with PBS and then loaded with 5 μM H~2~DCFDA and 0.5 μg/mL Hoechst in HBSS (in mM: 1.3 CaCl~2~, 0.5 MgCl~2~, 5.3 KCl, 0.44 KH~2~PO~4~, 4.2 NaHCO~3~, 138 NaCl, 0.34 Na~2~HPO~4~ and 5,5 Glucose, pH 7.4) for 30 min at 37 °C in the dark. Cells were then washed with PBS, transferred to µ-slides 8-well ibidiTreat (ibidi GmbH, München, Germany) for observation. Images were obtained using an Axio Observer.Z1 inverted microscope (Zeiss) and analyzed with Fiji software from ImageJ (<http://fiji.sc/Fiji>).

2.5. Mitochondrial membrane potential (MMP) integrity {#s0035}
-----------------------------------------------------

The MMP integrity was evaluated by the TMRE mitochondrial membrane potential assay kit according to the manufacturer\'s instructions. Briefly, 1 × 10^6^ cells/mL were plated in a 48-well plate and exposed to chemicals for 6 h. Cells were also incubated for 10 min, with 50 μM FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), a protonophore that collapses the MMP, as a negative control. TMRE (1 mM) was then added for 30 min and cells were further collected, washed and TMRE fluorescence was read (λ~exc~ = 549 nm; λ~em~ = 575 nm).

2.6. Mitochondrial superoxide anion measurement {#s0040}
-----------------------------------------------

Mitochondrial O~2~^−^ generation was determined using MitoSOX according to the manufacturer\'s instructions. Briefly, 0.5 × 10^6^ cells/mL were plated in a 12-well plate, exposed to chemicals for the indicated times, washed with PBS and then loaded with 5 μM MitoSOX and 0.5 μg/mL Hoechst in HBSS for 10 min at 37 °C in the dark. Cells were then washed with PBS and transferred to µ-slides 8-well ibidiTreat (ibidi GmbH, München, Germany) for observation. Images were obtained using an Axio Observer.Z1 inverted microscope (Zeiss) and analyzed with Fiji software from ImageJ (<http://fiji.sc/Fiji>).

2.7. Determination of superoxide dismutase activity {#s0045}
---------------------------------------------------

THP-1 cells were plated at a density of 1 × 10^6^ cells/mL, in a 6 well plate and treated as previously described (see Chemical exposure). Cells were further collected, centrifuged (300 g for 5 min, at 4 °C) and washed in ice-cold PBS. After a second centrifugation, the pellet was incubated in RIPA lysis buffer (50 mM Tris--HCl, pH 8.0, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA) for 30 min on ice. The nuclei and the insoluble cell debris were removed by centrifugation (10,000 g for 15 min, at 4 °C) and the supernatant collected and used as total cell lysates. Total SOD activity was then determined using the SOD Determination Kit, according to the manufacturer\'s instructions, with some modifications. Cell extract duplicates were also incubated with KCN (2 mM) to inhibit SOD 1, thus allowing the measurement of mitochondrial SOD 2. SOD 1 activity was then calculated by subtraction of SOD 2 from total SOD.

2.8. Quantification of xanthine oxidase or hypoxanthine {#s0050}
-------------------------------------------------------

Xantine or hypoxantine levels were determined using the Amplex Red Xanthine/Xanthine Oxidase Assay Kit according to the manufacturer\'s instructions. Briefly, 1 × 10^6^ cells/mL were plated in a 6-well plate and exposed to chemicals for 6 h. Briefly, 50 μL of cell extracts and controls were added to separate wells of a microplate and incubated with equal volume of Amplex Red reagent/HRP/xanthine oxidase (100 μM; 0.4 U/mL; 40 mU/mL) (100 or Amplex Red reagent/HRP/hypoxantine (100 μM; 0.4 U/mL; 200 μM) working solutions (100 for 48 h at 37 °C in the dark. Fluorescence was then measured in a microplate reader using (λ~exc~ = 530 nm; λ~em~ = 590 nm).

2.9. Glutathione (GSH) depletion assay {#s0055}
--------------------------------------

The effect of chemicals on cell GSH content was determined by fluorescence microscopy. Briefly, 0.5 × 10^6^ cells/mL were plated in a 12-well plate, exposed to chemicals during indicated times, washed with PBS and then loaded with 30 μM dibromobimane for 30 min at 37 °C in the dark. Cells were then washed with PBS and transferred to µ-slides 8-well ibidiTreat (ibidi GmbH, München, Germany) for observation. Images were obtained using an Axio Observer. Z1 inverted microscope (Zeiss) and analyzed with Fiji software from ImageJ (<http://fiji.sc/Fiji>).

2.10. Analysis of gene transcription by quantitative real-time PCR {#s0060}
------------------------------------------------------------------

Total RNA was isolated from cells with TRIzol reagent according to the manufacturer\'s instructions. RNA concentration was determined by OD~260~ measurement using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and samples stored in RNA Storage Solution at − 80 °C until use. Briefly, 1 μg of total RNA was reverse-transcribed using the NZY First-Strand cDNA Synthesis Kit and quantitative real-time PCR (qPCR) reactions were performed, in duplicate for each sample, on a Bio-Rad MyCycler iQ5 as previously described [@bib15]. After amplification, a threshold was set for each gene and C~t~ values were calculated for all samples. Gene expression changes were analyzed using the built-in iQ5 Optical system software. The results were normalized using *HPRT1* as reference gene. Primer sequences were designed using Beacon Designer software version 7.7 (Premier Biosoft International, Palo Alto, CA, USA) ([Supplementary data, Table S1](#s0115){ref-type="sec"}) and thoroughly tested.

2.11. Cell lysates and Western Blot analysis {#s0065}
--------------------------------------------

Cells were plated at a density of 0.8 × 10^6^ cell/mL, in a six-well plate with a final volume of 3 mL and treated as previously described (see Chemical exposure). After incubation with chemicals, for the indicated times, cells were collected, centrifuged (300 g, 5 min at 4 °C), and washed in ice-cold PBS. After a second centrifugation, the pellet was incubated in RIPA lysis buffer (50 mM Tris--HCl, pH 8.0, 1% Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA), freshly supplemented with 1 mM dithiothreitol (DTT) and protease and phosphatase inhibitor cocktails, for 30 min in ice. The nuclei and the insoluble cell debris were removed by centrifugation (12,000 g for 10 min, at 4 °C). The post-nuclear extracts were collected and used as total cell lysates. Protein concentration was determined using the bicinchoninic acid method, and the cell lysates were denatured at 95 °C, for 5 min, in sample buffer (0.125 mM Tris, pH 6.8; 2% w/v SDS; 100 mM DTT; 10% glycerol; and bromophenol blue) for subsequent use in Western blot analysis. Briefly, 25 μg of protein were electrophoretically separated on a 4--10% (v/v) sodium dodecyl sulfate -- polyacrylamide gel and transferred to a PVDF membrane. The membranes were blocked with 5% (w/v) fat-free dry milk in Tris- buffered saline containing 0.1% (v/v) Tween 20 (TBS-T), for 1 h, at room temperature. Blots were then incubated overnight at 4 °C with the primary antibodies against phospho-p44/p42 MAPK (ERK1/ ERK2) (1:1000), phospho-p38 MAPK (1:1000) and phospho-SAPK/JNK(1:1000). The membranes were then washed for 30 min with TBS-T and incubated for 1 h at room temperature with alkaline phosphatase-conjugated anti-rabbit antibody (1:20,000). The immune complexes were detected by membrane exposure to the enhanced chemifluorescence reagent for 5 min, followed by scanning for blue excited fluorescence on the Typhoon imager (GE Healthcare). The generated signals were analyzed using TotalLab TL120. To test whether similar amounts of protein were loaded for each sample, the membranes were stripped and reprobed with antibodies to total ERK1/ ERK2, SAPK/JNK and p38 MAPK. The blots were then developed with alkaline phosphatase-conjugated secondary antibodies and visualized by enhanced chemifluorescence. Phosphorylated protein levels were calculated relative to total protein levels (p-ERK1/2/total ERK, p-p38/total p38 and p-JNK/total JNK).

2.12. Statistical analysis {#s0070}
--------------------------

Statistical analysis was performed using GraphPad Prism 6 for Mac OS X (GraphPad Software, San Diego, CA, USA; [www.graphpad.com](http://www.graphpad.com){#ir0020}). For each experimental condition, the results are presented as the mean value ± SEM of at least 3 independent experiments. Comparisons between two groups were made by the two-tailed unpaired Student *t*-test and multiple group comparisons by one-way ANOVA analysis, with a Dunnett´s multiple comparison post-test. Significance levels are as follows: ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001, and ^\*\*\*\*^*p* \< 0.0001.

3. Results {#s0075}
==========

In this study, we aimed to further elucidate the mechanisms involved in skin and respiratory sensitization evoked by LMW chemicals, focusing on the oxidative stress toxicity pathways of THP-1 cells. The THP-1 cell line is frequently used as a DC surrogate in *in vitro* skin sensitization tests since, upon stimulation, cells display activation markers, such as increase in phosphotyrosine levels, up-regulation of cell surface co-stimulatory molecules and increase in cytokine and chemokine production [@bib16], [@bib17]. Because a certain level of cytotoxicity is essential for effective DC activation [@bib14], THP-1 cells were exposed to allergens DNFB and TMAC and the irritant MeSA in concentrations that induced up to 30% cytotoxicity (EC~30~). Cells were also exposed to the non-sensitizing but immunogenic LPS, an immunostimulatory molecule from gram-negative bacteria cell wall that induces the maturation of DCs by binding to the transmembrane TLR4 [@bib18], [@bib19], [@bib20], as a control for DC maturation induction by a non-allergen.

3.1. Both DNFB and TMAC induce ROS production, yet with different origins and kinetics {#s0080}
--------------------------------------------------------------------------------------

ROS production and protein oxidation are referred as early molecular events triggered during allergen-induced sensitization. Therefore, we attempted to decipher whether chemicals directly induce ROS production or interfere with the antioxidant defenses of the cell. Thus, we evaluated general ROS formation, mitochondrial membrane potential (MMP) integrity and mitochondrial superoxide levels at different time points. ROS production was addressed using the cell-permeant probe, 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA) ([Fig. 1](#f0005){ref-type="fig"}). H~2~DCFDA is non-fluorescent in its reduced state being converted to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) upon cleavage of the acetate groups by intracellular esterases and oxidation. The results demonstrate that only DNFB significantly increased ROS production at 1 h, which decreased at 6 h, although to values still above the control condition ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1Chemical-induced ROS production. Human THP-1 cells were exposed to LPS, DNFB, TMAC and MeSA for 1 h (a) and 6 h (b), and ROS production was evaluated by fluorescence microscopy using the cell-permeant dye H~2~DCFDA. Hoechst 3342 was used as a fluorescent marker for the nucleus. Images shown are representative of three independent experiments. Magnification: 63✕; Scale bar = 20 µm. Results are presented as the means ± SEM of cellular fluorescent intensity of at least 50 cells per experiment. Statistical analysis: one-way ANOVA with Dunnett\'s multiple comparison test, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001 compared to untreated cells; *t*-test, ^\#\#^*p* \< 0.01, ^\#\#\#^*p* \< 0.001.Fig. 1

Next we evaluated the activity of the cytoplasmatic enzyme xanthine oxidase (XO), which generates superoxide through the oxidation of hypoxanthine to xanthine and can further catalyze the oxidation of xanthine to uric acid. All the stimuli tested increased the activity of xanthine oxidase, although only the irritant MeSA and the respiratory allergen TMAC reached statistical significance (*p* = 0.0219 and *p* = 0.002, respectively) ([Fig. 2](#f0010){ref-type="fig"}a). The increase in XO activity is accompanied by a concomitant consumption of its substrate hypoxanthine, as seen in [Fig. 2](#f0010){ref-type="fig"}b.Fig. 2Xanthine oxidase activity (a) and hypoxantine levels (b) after exposure to different stimuli. Human THP-1 cells were exposed to LPS, DNFB, TMAC, and MeSA for 6 h. Xanthine oxidase activity and hypoxanthine levels were further evaluated with the Xanthine/Xanthine Oxidase Assay Kit. The bars in the graphs correspond to the means ± SEM of three independent experiments. Statistical analysis: one-way ANOVA with Dunnett\'s multiple comparison test; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 compared to untreated cells.Fig. 2

Since mitochondrial respiratory chain is a major ROS source and ROS production is often associated with mitochondrial dysfunction, we proceeded to evaluate mitochondrial function using MitoSOX and TMRE ([Fig. 3](#f0015){ref-type="fig"}). MitoSOX red reagent is a fluorogenic dye specifically targeted to mitochondria in live cells. Once in the mitochondria, it is rapidly oxidized by superoxide but not by other ROS or reactive nitrogen species (RNS). The oxidized product is highly fluorescent upon binding to nucleic acid. TMRE is a cell permeant, positively charged, red-orange dye that readily accumulates in active mitochondria due to their relative negatively charged matrix. Depolarized or inactive mitochondria have decreased membrane potential and fail to sequester TMRE. FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone) was used as a positive control of depolarized mitochondria, since it is an ionophore uncoupler of oxidative phosphorylation able to mitigate mitochondrial membrane potential and TMRE staining. After 6 h of incubation with chemicals, mitochondrial superoxide levels were similar to those observed in untreated cells except for TMAC, which showed a 2.5-fold increase ([Fig. 3](#f0015){ref-type="fig"}b). MMP was not significantly altered by cell exposure to any of the chemicals tested ([Fig. 3](#f0015){ref-type="fig"}c).Fig. 3Effect of stimuli over mitochondrial membrane potential and superoxide production. Human THP-1 cells were exposed to LPS, DNFB, TMAC and MeSA for 1 h (a) and 6 h (b and c). Mitochondrial O~2~^-^ formation was evaluated by fluorescence microscopy using the MitoSOX superoxide indicator (a and b). Hoechst 3342 was used as a fluorescent marker for the nucleus. Magnification: 63✕; Scale bar = 20 µm. Results are presented as the means ± SEM of cellular fluorescent intensity of at least 50 cells per experiment and the images shown are representative of three independent experiments. MMP alterations due to chemical exposure were determined by TMRE fluorescence (c). FCCP (50 μM), a protonophore that collapses mitochondrial membrane potential, was used as a positive control. The bars in the graph correspond to means ± SEM of at least three independent experiments. Statistical analysis: one-way ANOVA with Dunnett\'s multiple comparison test; \*\**p* \< 0.01 compared to untreated cells.Fig. 3

3.2. DNFB and TMAC deplete intracellular glutathione with different kinetics {#s0085}
----------------------------------------------------------------------------

We proceeded to investigate the effect of chemicals on major antioxidant defense systems, namely the soluble antioxidant glutathione (GSH) and the antioxidant enzymes superoxide dismutase (SOD) 1 and 2. Glutatione (GSH) is the most common source of thiol groups present in the cell, with concentrations reaching millimolar levels (1--10 mM). Traditional methods for measuring GSH usually rely on the reaction of compounds, such as dibromobimane, with GSH. Dibromobimage is a cross-linking reagent essentially nonfluorescent, that emits fluorescence when conjugated with several low molecular weight thiols, including glutathione. Indeed, this probe is broadly used to assess changes in GSH [@bib21], [@bib22], [@bib23]. A significant depletion of GSH was observed in cells exposed to DNFB for 1 h ([Fig. 4](#f0020){ref-type="fig"}a and b). However, GSH levels recovered to basal values when DNFB treatment was prolonged to 6 h ([Fig. 4](#f0020){ref-type="fig"}a and c). These results have a similar trend to those observed for ROS production in cells exposed to DNFB ([Fig. 1](#f0005){ref-type="fig"}). In contrast, TMAC only significantly depleted GSH at 6 h ([Fig. 4](#f0020){ref-type="fig"}a and c), which is also in accordance with the observed increase in mitochondrial superoxide levels following 6 h of treatment ([Fig. 3](#f0015){ref-type="fig"}b). Next, we evaluated SOD activity and, as shown in [Fig. 4](#f0020){ref-type="fig"}d and e, only LPS significantly affected this enzymatic system.Fig. 4Effect of stimuli on cellular antioxidant defenses. THP-1 cells were exposed to LPS, DNFB, TMAC and MeSA for 1 h (a and b) and 6 h (a, c, d and e). GSH depletion (a, b and c) was determined by fluorescence microscopy using the thiol reactive protein cross-linking reagent dibromobimane. Magnification: 63✕.; Scale bar = 20 µm. Results in the graphs are presented as the means ± SEM of cellular fluorescent intensity of at least 50 cells per experiment. SOD1 (d) and SOD2 (e) activities were evaluated with SOD determination Kit. The bars in the graphs correspond to the means ± SEM of at least three independent experiments. Statistical analysis: one-way ANOVA with Dunnett\'s multiple comparison test, \**p* \< 0.05, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001 compared to untreated cells; *t*-test, ^\#\#^*p* \< 0.01. Pictures shown (a) are representative of at least three independent experiments.Fig. 4

3.3. Incubation with Cys or Lys blocks DNFB induced ROS production, GSH depletion and MAPK activation {#s0090}
-----------------------------------------------------------------------------------------------------

It is well established that sensitizers are naturally highly reactive or are rapidly metabolized into compounds that react with thiol or primary amine groups present in proteins [@bib4]. Given the rapid and extensive changes evoked by DNFB on cellular ROS and GSH levels we next evaluated whether pre-incubation of the sensitizer with cysteine or lysine blocked the observed effects. DNFB and its analogue DNCB were reported to have a mixed reactivity with both thiol and amine groups [@bib24], [@bib25]. Indeed, when DNFB was pre-incubated *in chemico* for 1 h with cysteine or lysine before addition to THP-1 cells, we did not observe an increase in ROS production ([Fig. 5](#f0025){ref-type="fig"}a) or GSH depletion ([Fig. 5](#f0025){ref-type="fig"}b). To assess MAPK activation, we first evaluated p38, JNK and ERK phosphorylation in THP-1 cells stimulated with chemicals for different periods of time by western blot analysis ([Supplementary data, Figure S2](#s0110)). Results indicate that only p38 and JNK were phosphorylated at all times tested, with the peak occurring at 1 h. We then proceeded with 1 h of incubation for further experiments. Similarly to what was observed for ROS production and GSH depletion in cells treated with DNFB, MAPKs activation was also suppressed if DNFB and TMAC were previously incubated with lysine or cysteine ([Fig. 5](#f0025){ref-type="fig"}c and d). Regardless of previous studies reporting TMAC reactivity only towards lysine residues [@bib24], our results suggest that TMAC reacts with both cysteine and lysine. Indeed, JNK and p38 phosphorylation was significantly lower when TMAC was pre-incubated with cysteine.Fig. 5Effect of the pre-incubation of sensitizers with cysteine (CYS) or lysine (LYS) on ROS production, GSH depletion and MAPK activation. DNFB and TMAC were pre-incubated *in chemico* for 1 h with cysteine or lysine and later added to THP-1 cells for 1 h. ROS production (a) and GSH depletion (b) were evaluated by fluorescence microscopy, using the cell-permeant dye H~2~DCFDA and the thiol reactive protein cross-linking reagent dibromobimane, respectively. Hoechst 3342 was used as a fluorescent marker for the nucleus. Magnification: 63✕.; Scale bar = 20 µm. Evaluation of the JNK (c) and p38 (d) signaling pathways activation was performed by western blotting of total cell extracts. Data correspond to the means ± SEM of at least three independent experiments and is expressed as % relatively to untreated cells (CTR). Statistical analysis: one-way ANOVA with Dunnett\'s multiple comparison test: \*\**p* \< 0.01, \*\*\**p* \< 0.001 \*\*\*\**p* \< 0.0001, compared to CTR; *t*-test: ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01, ^\#\#\#\#^*p* \< 0.0001. Images shown (a and b) are representative of three independent experiments.Fig. 5

3.4. Gene modulation by contact and respiratory chemicals {#s0095}
---------------------------------------------------------

We further investigated the transcription of genes related to DCs functions on the physiopathology of chemical allergy: genes containing antioxidant response elements (ARE), namely heme oxigenase 1 (*HMOX1*) and NADPH quinone oxidoredutase 1 (*NQO1*); multidrug resistance protein 1 (*MDR1*), an ATP-dependent drug efflux pump for xenobiotic compounds which is involved in DC migration; cytokines well-known to be modulated upon hapten stimulation (*IL1B*, *IL8*, *IL12B*, *IL18*, and *IL8*) [@bib26], [@bib27]; and CD86, a DC maturation marker. The effect of chemicals on the gene expression was evaluated by quantitative real-time PCR (qPCR) at 6 and 24 h post-treatment. We observed that the transcription of ARE-dependent genes was markedly induced by the contact allergen DNFB early after exposure, while TMAC elicited a delayed response ([Fig. 6](#f0030){ref-type="fig"}a and b). These results are in accordance with the observed rapid induction of oxidative stress by DNFB while TMAC seems to activate stress related toxicity pathways with a later profile. Previous studies demonstrated that skin DCs and T cells express MDR1, which has been described as being required for efficient DC maturation and T cell migration [@bib28], [@bib29]. Indeed, DNFB significantly increased MDR1 gene transcription compared to untreated cells and cells treated with TMAC at both time points tested ([Fig. 6](#f0030){ref-type="fig"}c). Concerning the transcription of cytokines, none of the chemicals tested significantly interfere with *IL12B* mRNA levels ([Fig. 6](#f0030){ref-type="fig"}f). On the other hand, there was an increase in *IL1B* and *IL8* gene transcription in the presence of DNFB ([Fig. 6](#f0030){ref-type="fig"}d and e), which is consistent with the literature since *IL8* expression is regulated by the transcription factor Nrf2 [@bib30]. Among the compounds tested only DNFB increased the transcription of *CD86* (p \< 0.001 and p \< 0.0001 for 6 h and 24 h respectively). According to our results, none of the genes studied were significantly modulated by the irritant MeSA at both time points tested.Fig. 6Chemical-induced gene expression. THP-1 cells were exposed to chemicals for 6 h (black bars) and 24 h (white bars) and mRNA levels of *HMOX1* (a), *NQO1* (b), *MDR1* (c), *IL1B* (d), *IL8* (e), *IL12B* (f) *IL18* (g) and *CD86* (h) were determined by qPCR. Data are represented as log2 of fold expression levels normalized to control cells (log2(1)= 0) of the respective timeline studied. Data depicted in the graphs correspond to the means ± SEM of at least three independent experiments. Statistical analysis: one-way ANOVA with Dunnett\'s multiple comparison \*P \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001 compared to untreated cells; *t*-test (DNFB 6 h vs TMAC 6 h), ^\#^*p* \< 0.05, ^\#\#\#^*p* \< 0.001, (DNFB 24 h vs TMAC 24 h), ^§^*p* \< 0.05, ^§§^*p* \< 0.01, ^§§§^*p* \< 0.001.Fig. 6

4. Discussion {#s0100}
=============

ROS production and protein oxidation are early danger signals occurring in the sensitization phase of chemical-induced allergy [@bib31], [@bib32]. Indeed, several studies using monocyte-derived dendritic cells and other DC-cell models have shown that exposure to skin sensitizers rapidly induces oxidative stress [@bib31], [@bib33], [@bib34] and that this event is important for DCs activation and maturation. Although their recognized role, the nature, origin and kinetics of ROS induced by chemical sensitizers remain elusive. To address this question, we analyzed in THP-1 cells the mechanisms of redox imbalance elicited by DNFB and TMAC, two golden standards of skin and chemical respiratory allergy, respectively. We found that both sensitizers increased ROS production, although with distinct origins and timings. This results in a different extent at which intracellular signaling pathways are activated and, if the results in THP-1 cells are confirmed in normal DCs, may be in part responsible for the distinct T-cell polarizing abilities attributed to DCs in skin or respiratory chemical allergies.

Under homeostatic conditions, cellular redox status is maintained by a dynamic equilibrium of processes that produce and eliminate ROS. Indeed, there are several known sources of cellular ROS, including NADPH oxidase, the mitochondrial respiratory cycle and xanthine oxidase, which generates superoxide through the oxidation of hypoxanthine to xanthine. To manage these deleterious oxidative molecules cells are equipped with a variety of antioxidants that can be enzymatic, such as SODs, catalase and glutathione peroxidase, and non-enzymatic, such as GSH [@bib35]. We found that both the skin sensitizer DNFB and the respiratory sensitizer TMAC induce oxidative stress, though with temporal and intensity differences. DNFB, highly electrophilic and therefore reactive with thiol groups, rapidly reacts with GSH, inactivating it and subsequently leading to an increase in cytoplasmatic ROS. In contrast, for TMAC our data indicates that GSH depletion at later time points may be in part a consequence of the later increase in mitochondrial ROS and increased xanthine oxidase activity. Accordingly, Silva and colleagues showed that another respiratory sensitizer, hexamethylene diisocyanate, which also predominantly reacts with amine groups, increased mitochondrial ROS accumulation, which was relevant for further inducing the expression of cytoprotective genes and DC maturation markers [@bib36]. Besides TMAC, the irritant MeSA also significantly increased xanthine oxidase activity, a result that is corroborated by the decreased hypoxanthine levels observed for the two compounds.

Regarding the modulation of cellular antioxidant defenses, none of the chemicals tested affected SOD1 or SOD2 activity. Although, in LPS-treated cells, we observed a decrease in SOD 1 activity and an increase in SOD 2 activity. Interestingly, several authors have shown that LPS potently increases the activity and the mRNA levels of MnSOD (SOD 2) but does not change or decreases those of Cu/ZnSOD (SOD 1). Studies by Frank and colleagues in rat renal mesangial cells and whole kidney homogenates from LPS-treated rats showed that induction of SOD 1 was clearly dependent on nitric oxide, as none of the many growth factors and inflammatory cytokines tested were able to induce SOD 1. By contrast, SOD 2 expression was clearly induced by LPS, TNF-α, and IL-1β in mesangial cells *in vitro* [@bib37]. Also, several studies show that in contrast to mouse macrophages, human monocytes stimulated with cytokines or LPS fail to release NO [@bib38], [@bib39]. These evidences could account for the decrease SOD 1 activity and increased SOD 2 activity observed in cells treated with LPS.

We then proceeded to evaluate the contribution of the major cellular non-enzymatic soluble antioxidant GSH. GSH, present in millimolar concentrations in virtually all cells, donates electrons to H~2~O~2~ reducing it to H~2~O and O~2~ while being oxidized to GSSG. It is widely believed that strong contact sensitizers covalently bind to thiol or amino protein groups, with several studies reporting the maturation of DCs by 2,4-dinitrochlorobenzene (DNCB), a structural analogue of DNFB, as a consequence of glutathione depletion [@bib31], [@bib40], [@bib41]. Recently, several works reported that DNCB rapidly and extensively reacts with GSH, cysteine and SH-containing peptides [@bib24], [@bib42], [@bib43], [@bib44]. In accordance to this, our results show that DNFB rapidly depletes GSH, which is coincident with the observed increased oxidative status 1 h after cells treatment. Given that major cellular sources of ROS are not affected by the chemical, we hypothesize that the observed oxidative stress is an event resulting from the direct haptenation of GSH leading to its incapacity to neutralize constitutive ROS production. Supporting our hypothesis, DNCB was shown to cause a decrease of almost 45% of intracellular GSH in human peripheral blood mononuclear cells, just 15 min after exposure[@bib42]. Authors suggested that DNCB primarily depletes intracellular GSH, being the reminiscent chemical free to haptenate cellular proteins. In the case of TMAC we found that it causes a decrease of GSH levels only 6 h after cell exposure. Studies addressing TMAC reactivity are contradictory, with some works reporting reactivity towards lysine residues and GSH [@bib24], [@bib45] and others reporting a preferential reactivity with cysteine peptides [@bib46]. Our results indicate that delayed GSH depletion caused by TMAC may be the consequence of GSH consumption in the detoxification of H~2~O~2~ produced from SOD activity due to high levels of O~2~^−^. Therefore, chemicals that preferentially react with thiol groups, as DNFB, will rapidly induce redox imbalance in consequence of direct GSH depletion, while chemicals that react more extensively with primary amines, such as TMAC, will cause a more delayed oxidative stress.

We then proceeded to evaluate the activation of MAPKs, intracellular signaling pathways known to be involved in sensitizers induced DC maturation [@bib47], [@bib48], [@bib49]. Only sensitizers and LPS were able to modulate THP-1 MAPK signaling, whereas the non-sensitizer MeSA had no significant effect, as previous described in the literature [@bib50]. ERK activation was not induced by the chemicals tested, while SAPK/JNK and p38 MAPKs were strongly modulated by the sensitizers and LPS, with an increased activation at 1 h post-treatment that fell over time but remained above basal values at 6 h. Accordingly, several studies reported the selective activation of p38 MAPK by contact sensitizers (DNFB, NiSO~4~) and not by irritants. The authors demonstrated that activation of p38 MAPK is involved in DNFB-induced DC up-regulation of CD86, IL-1β and IL-8 [@bib48], [@bib51], [@bib52], [@bib53]. Regarding the effects of chemicals on JNK pathway, we observed a selective and marked increase in phospho-JNK levels following exposure to sensitizers, even more robustly than the activation observed for p38 MAPK. These results are in line with previous studies reporting a sustained phosphorylation of p38 MAPK and JNK following the treatment of the mouse fetal skin-derived dendritic cell line FSDC with the sensitizers DNFB, oxazolone, 1,4-phenylenediamine and NiSO~4~ but not with irritants sodium dodecyl sulfate (SDS) and benzalkonium chloride (BC) [@bib15]. Interestingly, a similar activation pattern was also observed in murine and human skin explants as well as in reconstituted skin models EST-100 and AST-200 [@bib54]. Although the role of JNK in the immunobiology of DC remains less studied than that of p38 MAPK, several authors pointed out that its activation is implicated in the expression of CD83, CD86 and CCR7 [@bib47].

Curiously, although TMAC and DNFB elicit different kinetics of ROS production, they share similar activation profiles for p38 and JNK MAPKs. This indicates that rather than ROS themselves, direct interaction of chemical sensitizers with cellular proteins would evoke the intracellular signaling events involved in DC maturation. To clarify this, we evaluated if pre-incubation of sensitizers with cysteine or lysine would hamper their capacity to activate THP-1 intracellular signaling events. Indeed, when sensitizers were pre-incubated with cysteine or lysine, we did not observe GSH depletion, ROS production or MAPKs activation. Accordingly, several studies emphasize the relationship between sensitizers reactivity with specific amino acid residues from critical proteins and the modulation of signaling pathways involved in DC maturation. Bruchhausen *et. al*, demonstrated that the thiol antioxidant N-acetyl-cysteine (NAC) revokes trinitrochlorobenzene-induced tyrosine phosphorylation and p38 MAPK activation in human monocyte-derived dendritic cells (MoDC) by preventing the binding of the sensitizer to proteins [@bib40]. These results, together with the inability of radical scavengers to prevent tyrosine phosphorylation, led them to hypothesize that ROS may not be essential for DCs activation by sensitizers [@bib40]. Reinforcing this hypothesis, our group recently identified, though a proteomics--based approach, several intracellular proteins that are directly targeted by fluorescein isothiocyanate (FITC), a sensitizer that preferentially reacts towards primary amines. Among these proteins, we found that FITC directly haptenizes mixed-lineage protein kinase kinase kinase in THP-1 cells, directly modulating the activation state of p38 and JNK pathways [@bib55].

Finally, we analyzed the effects of chemicals on the transcription of several genes related to cytoprotection, DC maturation and T-cell polarizing capacities. We found that both allergens induce the transcription of *HMOX1* and *NQO1* detoxifying genes but with different kinetics. DNFB caused an early and marked transcription while TMAC a delayed one. These genes are under regulation of the Nrf2-Keap1-ARE pathway, a signaling cascade that functions primarily as a sensor for electrophilic stress and that has been explored for the identification of cysteine-reactive skin sensitizers *in vitro* [@bib56], [@bib57], [@bib58]. Briefly, in a steady state, Keap1 which contains highly reactive Cys residues, targets Nrf2 for Cul3-mediated ubiquitinylation and proteolytic degradation in the proteasome. Covalent modification of the reactive Cys residues of Keap1 leads to its dissociation from the transcriptional regulator Nrf2, which then accumulates in the nucleus and activates genes having an ARE domain in their promoter sequence [@bib59], [@bib60]. Besides electrophilic stress, oxidative stress was also shown to activate Nrf2-Keap1-ARE pathway [@bib61]. This may explain the different activation kinetics observed for DNFB and TMAC. While early induction by DNFB results from its strong and direct reactivity toward the Cys residues on Keap1, later induction by TMAC is probably caused by cellular oxidative stress.

Regarding the transcription of pro-inflammatory cytokines, we observed that *IL1B*, *IL8* and *IL18* are rapidly and robustly induced by the skin sensitizer DNFB and this effect is maintained over time. In turn, the respiratory sensitizer TMAC caused a modest induction in *IL1B* at 6 h, which is decreased to basal levels after 24 h. These cytokines, namely IL-12 and IL-18, play an important role in the DC-induced polarization of T-cells into Th1 type subset [@bib62], [@bib63]. In fact, IL-18 was shown to play an important role in allergic contact sensitization, favoring a Th1 type immune response by enhancing the secretion of pro-inflammatory mediators such as TNF-α, IL-8 and IFN-γ [@bib64]. Moreover, contact sensitizers, including pro-haptens, but not irritants or respiratory sensitizers, were shown to induce *IL18* expression in the human keratinocyte cell line NCTC2455 [@bib65]. Major differences were also found in the transcription of the co-stimulatory molecule *CD86* and *MDR1*, a membrane transporter with important roles in DC maturation and migration. Therefore, we may hypothesize that skin sensitizers such as DNFB (preferentially thiol-reactive) evoke a sustained transcription of pro-inflammatory cytokines and co-stimulatory molecules in DCs promoting a Th1 polarization, while modest and transitory transcription caused by respiratory sensitizers such as TMAC (preferentially amine-reactive) lead to Th2 responses.

5. Conclusions {#s0105}
==============

Overall, the present study brought new insights about the origin, nature, kinetics and role of redox imbalance triggered by respiratory and skin sensitizers in the human monocytic cell line THP-1.

According to our data, DNFB, a preferentially thiol-reactive skin sensitizer, induces an early depletion of GSH with a concomitant increase in general ROS levels, while TMAC, a preferentially amine-reactive respiratory sensitizer, induces a delayed GSH depletion in consequence of increased mitochondrial ROS production. Our results indicate that the preferential reactivity of sensitizers over thiol or primary amine groups determines the quickness and extent at which danger signals are generated, conditioning the transcription kinetics of genes such as *HMOX1*, *IL1B, IL8*, *IL18* and *CD86* ([Fig. 7](#f0035){ref-type="fig"}). Ultimately, these events may account for the distinct DC phenotypes and T-cell polarizing profiles triggered by skin and respiratory sensitizers.Fig. 7Origin, nature, kinetics and role of redox imbalance triggered by respiratory and skin sensitizers in the human monocytic cell line THP-1. Our data shows that the thiol-reactive sensitizer DNFB directly reacts with cytoplasmic glutathione (GSH) causing its rapid and marked depletion which results in a general increase in reactive oxygen species (ROS) accumulation. In turn, TMAC, which preferentially reacts with amine groups, induces a delayed GSH depletion as a consequence of increased mitochondrial ROS production. These divergences in ROS production seem to be correlated with the different extension of intracellular signaling pathways activation observed and, by consequence, with distinct transcription kinetics of genes such as *HMOX1*, *IL8*, *IL1B* and *CD86*.Fig. 7

Appendix A. Supplementary material {#s0115}
==================================

Supplementary material

This work was fi­nanced by The Johns Hop­kins Cen­ter for Al­ter­na­tives to An­i­mal Test­ing, Pro­ject no: 2014-07, by the Portuguese Foundation for Science and Technology (FCT) and FEDERCOMPETE, through POCI-01--0145-FEDER-007440 and by Regional Operational Programmes (CENTRO-01-0145-FEDER-000012: HealthyAging2020). Isabel Ferreira and João D. Martins were funded through FCT PhD fellowships refs: SFRH/BD/110717/2015 and SFRH/BD/73065/2010, respectively.

Supplementary data associated with this article can be found in the online version at [doi:10.1016/j.redox.2018.02.002](http://dx.doi.org/10.1016/j.redox.2018.02.002){#ir0025}.

[^1]: supervised this study equally as senior authors.
